Gender identity-one's sense of being a man or a woman-is a fundamental perception experienced by all individuals that extends beyond biological sex. Yet, what contributes to our sense of gender remains uncertain. Since individuals who identify as transsexual report strong feelings of being the opposite sex and a belief that their sexual characteristics do not reflect their true gender, they constitute an invaluable model to understand the biological underpinnings of gender identity. We analyzed MRI data of 24 male-to-female (MTF) transsexuals not yet treated with cross-sex hormones in order to determine whether gray matter volumes in MTF transsexuals more closely resemble people who share their biological sex (30 control men), or people who share their gender identity (30 control women). Results revealed that regional gray matter variation in MTF transsexuals is more similar to the pattern found in men than in women. However, MTF transsexuals show a significantly larger volume of regional gray matter in the right putamen compared to men. These findings provide new evidence that transsexualism is associated with distinct cerebral pattern, which supports the assumption that brain anatomy plays a role in gender identity.
Introduction
Individuals who identify as transsexual report a history of persistent discomfort with the sex they were assigned at birth and a strong identification with the opposite sex. Many describe significant symptoms of psychological distress (Sánchez and Vilain, 2009 ) and take steps to alter features of their bodies (e.g., through the use of sex hormones and plastic surgery) to make them congruent with their sense of gender. While no formal epidemiological study has been conducted in the United States, reports from European and Asian countries estimate that the prevalence of transsexualism ranges from 1:100,000 to 1:2900 (DeCuypere et al., 2007) .
Despite increased public awareness of transsexualism, our scientific understanding of the development of gender identity is limited. Both environmental events (Eagly and Wood, 1999; Wood and Eagly, 2002 ) and innate differences (Breedlove, 1994; Dorner, 1985; Gooren, 2006) have been implicated as influencing this fundamental human characteristic. Regarding transsexualism, it has been suggested that sexual differentiation of the brain during embryonic development deviates from the sexual differentiation of the rest of the body (Zhou et al., 1995) . This hypothesis implies that neuroanatomy plays a critical role in determining gender identity. Thus, the study of the underlying correlates of transsexualism may help to further identify the mechanisms that contribute to the development of gender identity.
To explore this hypothesis, several studies examined brain structures in male-to-female (MTF) transsexuals. One early in vivo study did not detect any associations between transsexualism and the anatomy of the corpus callosum (Emory et al., 1991) . However, two subsequent post mortem brain analyses revealed that MTF transsexuals had a female-like central subdivision of the bed nucleus of the stria terminalis (BSTc) with respect to its size (Zhou et al., 1995) and number of neurons (Kruijver et al., 2000) . Another post mortem study published recently reported female-like volumes and neuronal densities of the interstitial nucleus of the anterior hypothalamus (INAH3) in MTF transsexuals (Garcia-Falgueras and Swaab, 2008) . These three post mortem studies seem to support the hypothesis that brain anatomy is associated with transsexualism. Yet, the generalization of these findings is limited by the inherent pitfalls of post mortem studies, the relatively small number of MTF transsexuals examined (n 1 = 6; n 2 = 6; n 3 = 11), as well as the subjects' long-term treatment with estrogen. Granted, some argue that estrogen treatment does not alter certain brain structures (Garcia-Falgueras and Swaab, 2008) . Nevertheless, other studies have shown that treatment with anti-androgen and estrogen decreases brain volumes of MTF transsexuals subjects towards female proportions (Hulshoff Pol et al., 2006) .
To extend these prior findings while overcoming some of their limitations, we investigated variations in brain structure in 60 control subjects (30 males, 30 females) and 24 MTF transsexuals who had not been treated with female hormones. More specifically, we used magnetic resonance imaging (MRI) to investigate neuroanatomy Contents lists available at ScienceDirect NeuroImage j o u r n a l h o m e p a g e : w w w. e l s ev i e r. c o m / l o c a t e / y n i m g at high-resolution in vivo, and applied a sophisticated computational image analysis approach to compare regional volumes of gray matter throughout the brain.
Materials and methods

Subjects
Twenty-four MTF transsexuals were recruited through fliers provided to local transsexual community organizations and to professionals who offer services to the transsexual community. Thirty male and thirty female control subjects were selected from the International Consortium for Brain Mapping (ICBM) database of normal adults (http://www.loni.ucla.edu/ICBM/Databases/). The mean age (SD) of the MTF transsexuals was 46.73 (13.18) years with an age range between 23 and 72 years. Male and female control subjects were closely age-matched (males 46.57 ± 12.45, 23-69 years; females 46.77 ± 12.88, 23-73 years). Transsexual subjects were 76% dextral, control males were 93% dextral, and control females were 90% dextral, where handedness was determined based on self-reports of hand preference for selected activities. For study inclusion, transsexual subjects needed to self-identify as a MTF transsexual, report no history of hormonal treatment, and declare the intention of undergoing estrogen replacement therapy. MTF transsexuals were evaluated to be free of psychosis according to a standardized diagnostic interview (Robins et al., 1989 ) and confirmed to be genetic males as defined by the presence of the SRY gene in their genome (Jordan et al., 2002) . All control subjects had to pass a physical and neurological screening examination performed by a neurologist. All subjects gave informed consent according to guidelines from the Institutional Review Board of the University of Los Angeles, California (UCLA), and were compensated for their participation in this study.
Image acquisition
Brain images were acquired on a 1.5-T MRI system (Siemens Sonata, Erlangen, Germany) using a 3D T1-weighted sequence (MPRAGE) with the following parameters: TR = 1900 ms; TE = 4.38 ms; flip angle = 15°; 160 contiguous 1 mm sagittal slices; FOV = 256 mm × 256 mm 2 ; matrix size = 256 × 256, voxel size = 1.0 × 1.0 × 1.0 mm.
Image analysis
Data were preprocessed and examined using SPM5 software (Wellcome Department of Imaging Neuroscience Group, London, UK; http://www.fil.ion.ucl.ac.uk/spm). Analyses were performed on gray matter segments (Ashburner and Friston, 2005) that were multiplied by the non-linear components derived from the normalization matrix (modulated gray matter volumes) and smoothed with a Gaussian kernel of 12 mm full width at half maximum. These smoothed modulated gray matter volumes are hereafter referred to as gray matter to simplify matters.
We used the general linear model (GLM) and applied analyses of covariance (ANCOVA) to examine voxel-wise gray matter differences between MTF transsexuals, males, and females, while removing the variance associated with age. Statistical outcomes were corrected for multiple comparisons, using false discovery rate (FDR) (Benjamini and Hochberg, 1995) at p b 0.001. Significant findings were mapped onto the average 3D cortical model and restricted to clusters exceeding a minimum of 123 voxels (the expected number of voxels per cluster), calculated according to the theory of Gaussian random fields (Fig. 1) . Finally, to gain a better understanding of how significance profiles from different sets of comparisons are spatially related to each other, we performed additional post hoc t-tests and overlaid significant group differences as maximum intensity projections on the SPM standard glass brain template in three orthogonal planes. These exploratory outcomes are also presented at p b 0.001, corrected for multiple comparisons using FDR (Fig. 2) .
Results
As demonstrated in Fig. 1 , we detected significant differences between MTF transsexuals, males, and females in a large number of regions across the brain. More specifically, within the frontal lobe, we observed gray matter volume differences bilaterally in the superior frontal gyrus, close to midline and also at the frontal pole, as well as within the right orbital gyrus. Furthermore, we noticed pronounced gray matter volume differences bilaterally across the occipital and posterior temporal lobes, as well as in the parietal lobe, near the intraparietal sulcus, and closer to midline (left). Additional group effects on regional gray matter volume were detected subcallosally in both hemispheres at the brain midline. These regions constitute part of the basal ganglia (i.e., the caudate nucleus and putamen) and limbic system (i.e., the subcallosal gyrus, mammillary body, amygdala, thalamus and hypothalamus). Moreover, we identified two clusters indicating group differences on the basal surface of the right temporal lobe and left frontal lobe.
For each of 22 significantly different regions (twelve within the right hemisphere and ten within the left hemisphere), cluster-specific box plots were generated to illustrate the magnitude and direction of gray matter volume differences between groups (see supplement 1 and 2). Altogether, females had the largest gray matter volumes in all but two significant clusters, which were located in the left and right putamen. Here, MTF transsexuals had the largest gray matter volumes (see Fig. 1 ). For the remaining clusters, MTF transsexuals had the smallest gray matter volumes, but their data spectrum largely overlapped with that of males. As illustrated in the spatial profiles of significant group differences (Fig. 2) , females had more gray matter than males in large portions of the brain (Females N Males; red clusters in Panel A). Similarly, females had more gray matter than MTF transsexuals (Females N Transsexuals; red clusters in Panel B). Although the differences between females and MTF transsexuals did partly overlap with the difference between females and males (Females N Males/Transsexuals; yellow clusters in Panel D), they were spatially more extended, and also evident in a few regions where females and males did not differ (Females N Transsexuals; green clusters in Panel D). There was no region where females had significantly less gray matter than males (Panel A) or MTF transsexuals (Panel B). Similarly, there was no region where MTF transsexuals had significantly less gray matter than males (Panel C). MTF transsexuals, however, showed significantly more gray matter than males in the right putamen (Transsexuals N Males; red clusters in Panel C; blue clusters in Panel D). MTF transsexuals also showed significantly more gray matter than males in the left putamen when findings were not corrected for multiple comparisons (p b 0.001, maps not shown).
Discussion
Overall, our study provides evidence that MTF transsexuals possess regional gray matter volumes mostly consistent with control males. However, the putamen was found to be "feminized" in MTF transsexuals. That is, the gray matter volume of this particular structure in the MTF transsexual group was both larger than in males and within the average range of females. Interestingly, in a positron emission tomography (PET) study, it was demonstrated that the left putamen in a sample of MTF transsexuals (n = 12), who had no history of estrogen treatment, activated differently to odorous steroids when compared to control males (Berglund et al., 2008) . Taken together, these findings lend support to the hypothesis that specific neuroanatomical features are associated with transsexual identity, where the particular role of the putamen requires investigation in future studies.
Further research needs to resolve whether the observed distinct features in the brains of transsexuals influence their gender identity or possibly are a consequence of being transsexual. Alternatively, other variables may be independently affecting both the expression of a transsexual identity and the neuroanatomy in transsexuals that led to the observed association between both. Some possible candidates include genetic predisposition, psychosocial and environmental influences, hormonal exposures, or most likely an interplay between these variables. In support of the influence of genetics and environment, multiple cases of transsexualism occurring within families have been reported (Green, 2000) as well as studies on heritability in twins (Coolidge et al., 2002) and preliminary findings on specific genetic variations in MTF transsexuals (Hare et al., 2009; Henningsson et al., 2005) . Furthermore, both genes and environmental demands have been demonstrated to determine brain anatomy (e.g., regional gray matter) (Draganski et al., 2004; Thompson et al., 2001) . Finally, hormones have been shown to affect brain development (Arnold and Gorski, 1984) , and neuroanatomical alterations in MTF transsexuals (Kruijver et al., 2000; Zhou et al., 1995) have been detected in cerebral structures shown to significantly change in response to hormonal exposure (Del et al., 1987; Guillamon et al., 1988) . The MTF transsexuals of the current study had no history of hormonal treatment. Thus, we can exclude the potential effects of administered female hormones as a confounding factor for our findings. Moreover, it has been demonstrated that naturally circulating hormones in adult MTF transsexuals at baseline do not differ significantly from hormonal levels in male control subjects (Goodman et al., 1985; Meyer et al., 1986; Spijkstra et al., 1988) . However, it remains to be established whether pre-, peri-, or postnatal hormonal effects in early childhood could foster transsexualism. Further studies will need to resolve the degree to which genetic variability and environmental factors influence the development of gender identity (Schweizer et al., 2009) , possibly (but not necessarily) via affecting brain structures.
A limitation of the current study is that MTF transsexuals are considered as one homogeneous group rather than dividing them into MTF transsexuals who are sexually attracted (a) to males, (b) to females, (c) to both sexes, or (d) to neither sex. Based on self-report, a common yet limited method of assessing sexual orientation (Moradi et al., 2009 ), our transsexual sample (n = 24) consisted of 6 maleoriented and 18 female-oriented subjects. Given this unequal distribution and given that information on sexual orientation was unavailable for control subjects, we abstained from conducting analyses for different subtypes. However, a number of previous findings appear to indicate brain-structural alterations associated with sexual orientation (Allen and Gorski, 1992; Byne et al., 2001; LeVay, 1991; Ponseti et al., 2007; Savic and Lindstrom, 2008; Swaab and Hofman, 1990; Witelson et al., 2008) . Moreover, a highly controversial line of research has suggested that homosexual and non-homosexual MTF transsexualism are etiologically heterogeneous (Blanchard, 1989a,b) , which may be associated with differences in neuroanatomy. Therefore, future studies that take into consideration sexual orientation will not only further reveal the underlying determinants of gender identity in general, but also possibly advance our understanding of different transsexual subtypes.
